A novel monolithic fiber-optic chirped pulse amplification (CPA) system for high energy, femtosecond pulse generation is proposed and experimentally demonstrated. By employing a high gain amplifier comprising merely 20 cm of high efficiency media (HEM) gain fiber, an optimal balance of output pulse energy, optical efficiency, and B-integral is achieved. The HEM amplifier is fabricated from erbium-doped phosphate glass fiber and yields gain of 1.443 dB/cm with slope efficiency >45%. We experimentally demonstrate near diffraction-limited beam quality and near transform-limited femtosecond pulse quality at 1.55 µm wavelength. With pulse energy >100 µJ and pulse duration of 636 fs (FWHM), the peak power is estimated to be ~160 MW. NAVAIR Public Release Distribution Statement A-"Approved for Public release; distribution is unlimited". 
Introduction
Fiber-optic chirped pulse amplification (CPA) systems are highly attractive as femtosecond class laser pulse sources for practical applications, such as industrial micromachining, owing to the excellent laser stability, reliability and thermal management enabled by the fiber format. Nonetheless, pulse energy output increase beyond a few microjoules has been constrained by the necessarily high peak irradiance and resultant distortion of pulses during amplification in single mode fibers. We herein describe and experimentally demonstrate a novel fiber amplifier approach that can substantially increase the pulse energy generating capability of monolithic fiber CPA systems. Our approach employs a short length, highly doped gain fiber to achieve an optimal balance of output pulse energy, pulse quality, and slope efficiency.
In this first section, we review the benefits and challenges of working in the monolithic fiber-optic CPA format and describe the fiber amplifier innovations that have occurred to date-primarily by enlarging the fiber effective mode area (A eff )-to increase pulse energy output. In the next section, we propose and analyze a novel approach to increasing pulse energy output by dramatically reducing the total length of the fiber amplifier in order to reduce the accumulated nonlinear phase. In the third section, we reveal experimental data for the first demonstration of high energy femtosecond pulse generation using an optimized, short length fiber amplifier. The analyses and demonstrations confirm the efficacy of this approach and indicate that much greater pulse energy scaling is feasible in this form factor.
Not long after the invention of the laser, optical fiber waveguides were identified as an attractive and efficient medium for the implementation of optical amplifiers in laser systems [1] . The benefits include ease of fabrication and assembly, good environmental stability and reliability, well controlled overlap between optical power and active media, high design flexibility, superior spatial mode quality, and the availability of efficient glass hosts as well as active ions [2] [3] [4] [5] . The continuing symbiotic advancement of optical fibers (where a smaller doped core is surrounded by a larger mode-confining cladding) and highly efficient pump sources, such as high brightness, fiber coupled laser diodes [6] and high power Raman fiber lasers [7] , continues to trigger both research and commercialization of high power fiber lasers [8] [9] [10] [11] [12] . Meanwhile, monolithic fiber-optic femtosecond fiber laser systems now offer pulse energy up to 100 microjoules (µJ) using the CPA scheme with large mode area (LMA) erbium-doped (Er-doped) fiber amplifiers with A eff up to 1060 µm 2 [13, 14] . In high value, precision manufacturing systems, increased energy in femtosecond pulses enables cutting and drilling through thicker materials at faster rates without imparting a heataffected zone. Generating this femtosecond beam with a monolithic fiber-optic system provides the most compact and stable form factor. The energy scaling of femtosecond fiber laser systems, however, is limited by the temporal pulse distortion caused by self-phase modulation (SPM) as the pulses propagate through the system amplifiers. The magnitude of SPM is quantified by the B-Integral [15, 16] and is proportional to both the beam irradiance inside the amplifier and the propagation length, as shown by Eq. (1).
Here, λ is the laser wavelength, n 2 is the nonlinear refractive index coefficient, I(z) is the pulse peak irradiance along the propagation direction, P(z) is the pulse peak power, L is the total fiber length, and A eff is the fiber effective mode area. A B-integral of less than π radians is considered linear propagation. Above this value, nonlinear phase accumulation will impose temporally broadened pulses and/or significant pulse pedestal, unless adaptive pulse shaping or nonlinear phase shift compensation is implemented within the CPA system [17] [18] [19] .
The typical approach to postponing the onset of nonlinear pulse distortion in fiber amplifiers is to increase A eff proportional to the desired output pulse energy. That is, to keep B < π, the guided mode diameter would increase to sustain a sufficiently low peak irradiance inside the fiber. However, in order to maintain a diffraction-limited spatial beam quality, these large A eff fibers have to be designed and operated so as to ensure robust single-mode condition. Conventional step-index and other types of single-mode fibers can be adapted to provide a very large A eff by simultaneously increasing core diameter and decreasing core numerical aperture (NA). In practice, these low-NA fibers comprise very weak waveguides that are extremely sensitive to fiber bending (coiling) or other modest mechanical disturbance. Recent progress toward larger A eff fibers has focused on exotic fiber structures that attempt to address mode stability and other issues.
Most efforts to develop LMA waveguides have focused on approaches such as low NA photonic crystal fiber [20] [21] [22] [23] [24] [25] [26] , leakage channel fiber [27,28], chirally-coupled core fiber [29] [30] [31] , large-pitch fiber [32, 33] , and distributed mode filtering rod fiber [34] . These established approaches all operate in the fundamental fiber mode (LP 0,1 ) which suffers from bendinduced reductions in the mode size and increases in modal instability. These become increasingly pronounced as the mode size is increased [35] , and for A eff >1000 µm 2 the LMA fiber must be kept straight [36] . This may be accomplished by making the fiber into a rigid rod with typical diameter of 1.5 mm or more [37, 38] . These rods are limited in length to ~1 m, however, due to practical packaging constraints.
It has been demonstrated that these traditional LMA fiber limitations may be overcome by using a higher-order mode (HOM) fiber amplifier due to its scalable mode size, resistance to bend-induced mode size reductions, and superior stability [39, 40] . Nonetheless, reconversion of the mode back to LP 0,1 with high energy at the amplifier output is a remaining challenge for the HOM approach in CPA systems.
Due to these limitations, progress towards practical fibers with A eff >>1000 µm 2 has stagnated in recent years, putting a ceiling on femtosecond pulse energy from practical fiberoptic, linear CPA systems at a few tens of microjoules. The slow progress here contrasts the enormous advancement made in high power, continuous wave (CW) and longer pulse fiber lasers as a whole. Since optical fibers feature small diameter waveguides to retain their single mode characteristics, there is an inherent disadvantage with respect to energy scaling when compared to the alternative bulk-optics laser rod or thin disk geometry. Nonetheless, the overwhelming size, weight, and power advantages of monolithic fiber-optic femtosecond laser systems offer compelling motivation to resolve the energy scaling challenge. In a break from conventional thinking, we propose a novel amplifier concept that better optimizes amplifier efficiency, mode area, fiber length and B-integral to achieve high energy, excellent pulse and beam quality, and adequate thermal management.
HEM fiber amplifiers for high energy CPA systems
As revealed by Eq. (1), the B-integral is proportional to both the peak irradiance of the pulse and the amplifier fiber length. In order to reduce the amplifier fiber length while maintaining the required signal gain, the amplifier gain per unit length must be increased by doping the fiber with higher active ion concentration. For example, Fig. 1 shows the optimal fiber length at which the amplifier reaches its highest gain, as a function of erbium doping concentration (up to 23. In all cases, the signal input to the amplifier was 18.7 mW at 100 kHz pulse repetition rate and 1552.5 nm center wavelength. All fibers are core-pumped with 39 W at 1480 nm from a single mode fiber laser. Both the signal and the pump propagate in the fiber fundamental mode. It is clear that increasing the erbium doping concentration results in decrease for the optimal fiber length. The shape of the curve does not depend significantly on the actual size or NA of the fiber core. Although, in practice, optimized amplifier performance relies upon injecting the appropriate input pump and signal fluence. In addition, varying the active ion cluster parameter does not have an obvious impact on the simulation curve shown in Fig. 1 .
Historically, a ceiling on erbium doping concentration at about 4.0 × 10 25 ions/m 3 in silica glass LMA fibers has been imposed by strong ion clustering effects, where the close spatial proximity of erbium ions leads to cooperative energy coupling into transitions that are parasitic to the laser transition efficiency [13, 14, 41] . Owing to these ion-ion interactions at high erbium concentration, the upper laser level ( 4 I 13/2 ) lifetime decreases when pump power is increased, further degrading amplifier efficiency [42, 43] . In an alternative to the situation with silica fiber, the undesirable effects of high concentration of erbium, or other rare-earth (RE) ions, can be minimized by using a high efficiency medium (HEM) as host. Phosphate glass is the presently considered HEM host due to its high solubility of RE ions and weak ionion interactions [44] [45] [46] [47] [48] [49] [50] . The reduction of clustering phenomena substantially improves amplifier efficiency when the optimized fiber length must balance gain vs. B-integral. Figure 2 shows a comparison of the simulated output signal power and corresponding Bintegral vs. the fiber length for an Er-doped silica fiber (a) and an Er-doped HEM fiber (b). The silica fiber has an erbium doping concentration of 4.0 × 10 25 ions/m 3 with 9.2% clustering and core/clad diameters of 20/125 µm (nLight LIEKKI TM Er120-20/125DC). The HEM fiber has an erbium doping concentration of 2.38 × 10 26 ions/m 3 with 7.2% clustering and core/clad diameters of 25/125 µm. In the LAD software, the cluster concentration parameter was used to account for clustering of the Er ions, which acts as a loss mechanism for excited-state population generation [51, 52] . The clustering parameter is found empirically by anchoring the simulation curve to experimental data. Although the erbium concentration of the HEM fiber is 6 × higher than that of the silica fiber, its clustering remains lower. Both cases use the same core pump source (39 W at 1480 nm) and input signal level (18.7 mW at 100 kHz and 1552.5 nm with 1.4 ns pulse duration). In Fig. 2 , the blue dashed lines show a practical ceiling for the B-integral at π radians, below which pulse distortion remains tolerable [17] . The red dashed lines point to the output signal power at this B-integral limit. With 6 × the erbium concentration of the silica fiber, the HEM fiber is capable of providing much higher output power-14.4 W for HEM compared with 7.4 W for silica fiber with B-integral of π radians-owing to the optimized balance of gain, efficiency and B-integral. The pump-to-signal efficiency for the Er-doped HEM fiber is 38% (output signal power divided by pump power). The conventional Er-doped silica fiber retains merely 19% efficiency. Figure 3 illustrates the pump-to-signal efficiency vs. erbium concentration for silica glass fiber amplifiers (red line and symbols) as well as HEM phosphate glass fiber amplifiers (blue line and symbols) at their optimal fiber lengths. The simulation data (solid lines) show performance for the amplification of a CW laser signal in high erbium density glass fiber with 25 μm core diameter using LAD software. These cases use the same core pump source (39 W at 1480 nm) and input signal level (18.7 mW at 1552.5 nm). The clustering parameters for the fibers in the simulation were adjusted at each erbium concentration by anchoring the simulation curves with the experimentally measured pump-tosignal efficiency values (open symbols). Background losses of 0.04 dB/m and 3 dB/m [53] were assumed for the silica fibers and HEM phosphate fibers, respectively. As revealed in Fig. 3 , the pump-to-signal efficiency of the silica fiber decreases rapidly with increasing erbium concentration, right up to the erbium concentration ceiling (previously identified as ~4.0 × 10 25 ions/m 3 ) where the efficiency is less than 30%. For the silica fiber, the total background loss is negligible and does not have a significant impact on the simulation results. For the HEM fibers, however, the higher background loss of 3 dB/m has a notable impact on the pump-to-signal efficiency. This is particularly true for the lower erbium concentration HEM fibers due to their longer optimal fiber length. The phosphate fiber background loss has weak erbium concentration dependence. As a consequence, the pump-to-signal efficiency of the HEM fiber increases with erbium doping concentration up to 1.2 × 10 25 ions/m 3 , before decreasing with further concentration increase. Here, the corresponding optimal fiber length is 0.4 m. Further improvements in background loss in HEM fiber are possible and are under investigation.
Based on these analyses, the heavily RE doped HEM phosphate glass fiber has the potential for greatly reducing the length of a fiber amplifier. This is key to minimizing the Bintegral while maintaining high optical efficiency. Due to its greatly reduced length, the HEM amplifier fiber will sustain equivalent B-integral at much smaller core size versus the necessarily longer silica fibers. Due to its shorter fiber length (on the order of a few tens of cm), the HEM fiber may not require coiling to achieve a compact form factor. This straightened layout introduces two benefits: (1) reduced mode area disturbance, hence a more stable mode quality, and (2) no bend-induced reduction in the effective mode size [35] .
In the following section, we experimentally demonstrate the first Er-doped HEM fiber in a high energy, fiber CPA system. This system generates near-diffraction limited, fully compressed femtosecond pulses with 102 µJ of energy and 636 fs (FWHM) pulse duration (~160 MW peak power) at 1.55 µm. The CPA architecture implements a 20 cm long, heavily Er-doped (2.38 × 10 26 ions/m 3 ) HEM phosphate glass fiber with A eff = 310 µm 2 . This novel, short length HEM fiber CPA technology opens a new direction for pulse energy maximization in industrial femtosecond laser systems. With increases in the core size, HEM fiber amplifiers may enable femtosecond fiber laser systems with millijoule level pulse energy in the near future.
Experimental demonstration of the HEM fiber amplifier
We have experimentally validated the HEM fiber amplifier based CPA system approach and achieved a new performance benchmark for monolithic fiber-optic femtosecond laser system output pulse energy in the linear pulse propagation regime. The HEM Er-doped phosphate fiber was fabricated using a rod-in-tube technique [54] with an erbium concentration in the core glass of 2.38 × 10 26 ions/m 3 . The core and cladding diameters are 25 µm and 125 µm, respectively, and the fiber core NA = 0.13. The HEM fiber doesn't have a polymer coating. Assuming a step-index profile, the A eff for this fiber design is 310 µm 2 (simulated by MODE Solutions).
A simplified schematic of the CPA system is displayed in Fig. 4 . An all-fiber seed laser module was spliced to a fiber pre-amplifier subsequently providing 18.7 mW at 100 kHz pulse repetition rate and 1.4 ns stretched (chirped) pulse duration. A 10/90 fiber splitter was used to monitor signal input to the HEM fiber amplifier as well as any back-reflected light. The 1480 nm pump light from a Raman fiber laser and the signal were combined by a single mode, high power 1480/1553 nm wavelength division multiplexer (WDM). The WDM output port was fusion spliced and fundamental-mode-matched with the HEM gain fiber which was mounted on a water-chilled aluminum plate. The gain fiber had optimal length of 20 cm (based on its erbium doping concentration), and its output end was spliced to a short length of coreless fiber, angle-polished at 8°, to serve as an end cap. The fiber output beam was collimated, then directed through a spectral band-pass filter to deflect any residual pump light, a quarter-wave plate and half-wave plate pair to align the beam state of polarization (SoP) to the dual-grating compressor, and an optical isolator to protect the amplifier from back-reflections. The output optical spectrum, beam propagation parameter (M 2 ), and beam profile were measured by splitting a small fraction of the output signal beam using a pellicle splitter. Finally, a free-space Treacy grating compressor with groove density of 1200 lines per millimeter was used to compress the pulses. Intensity autocorrelation and optical power were measured at the compressor output. Fig. 4 . Schematic of the HEM fiber based CPA laser system pumped by a high power 1480 nm Raman fiber laser. WDM: wavelength division multiplexer. OSA: optical spectrum analyzer. AC: autocorrelator. NIRCCD: near infrared CCD camera. Figure 5 shows the HEM fiber amplifier output signal average power and corresponding pulse energy at 100 kHz vs. the coupled 1480 nm pump power. With 39 W pump power, the output signal reaches 14.4 W average power and 144 µJ pulse energy. The calculated gain for this condition is 1.443 dB/cm. It should be noted that there is no signal roll-over up to the maximum pump power. Within this range, there is no significant thermal or optical nonlinearity induced efficiency drop. The efficiency derived from the slope of the linear curve fit shown in Fig. 5 is 45%. At the maximum pump power of 39 W, the simple pump-to-signal conversion efficiency is 37%. Fig. 5 . HEM fiber amplifier output signal pulse energy at 100 kHz (left axis) and average power (right axis) vs. coupled 1480 nm pump power. Red dots show measurement data and the blue line is a linear fit to the data. Figure 6 shows the measured data used to calculate M 2 for the horizontal and vertical (X and Y) planes at the maximum output signal power of 14.4 W and pulse energy of 144 µJ. For a typical LMA fiber amplifier, spatial beam quality would degrade with increased pump power due to increased coupling into higher order modes. This problem is exacerbated with larger core diameter fibers or when the input signal and pump are not launched completely into the fundamental mode (LP 0,1 ) of the gain fiber. For the HEM amplifier, however, the measured M 2 values remain very low at just 1.05 and 1.18 in the X and Y directions, respectively. The inset of Fig. 6 shows the beam profile recorded with a CCD camera near focus in the measurement apparatus. At the HEM fiber amplifier output, a quarter-wave plate and a half-wave plate were sequentially rotated to obtain maximum power (P max ) and minimum power (P min ) through the polarization beam splitter (PBS) cube measured by a power meter. The degree of polarization (DoP) is calculated using Eq. (2) following ISO12005 protocol. Figure 7 shows the HEM amplifier output DoP versus pulse energy. The wave plates were optimized for each data point of Fig. 7 . The DoP drops slightly with each increase in amplifier output energy due to increase in un-polarized amplified spontaneous emission (ASE) mixed with the signal pulse train along with modest nonlinear polarization rotation for the chirped pulses [55, 56] . Nevertheless, 86% DoP was achieved with the Raman pump at 39 W and corresponding output signal power of 14.4 W. Since the Treacy grating compressor in this demonstration employs multi-layer dielectric diffraction gratings with strong polarization discrimination, the drop in DoP represents a signal loss equal to (1-DoP)/2. At the maximum amplifier output, this comprises a signal loss of 7%. Fig. 7 . HEM amplifier output degree of polarization (DoP) vs. pulse energy at 100 kHz repetition rate. Figure 8 shows optical spectra of the HEM amplifier input (black line) and output signals at 24 µJ, 55 µJ, 90 µJ and 144 µJ (red, blue, green, and purple lines, respectively). It should be noted that the signal-to-background ratio is higher than 30 dB. In addition, there is only minor spectral broadening at higher energy levels, which is one indication of low nonlinear phase accumulation (or small B-integral value) seen from this high-gain HEM amplifier. The inset of Fig. 8 shows the optical spectrum taken at 144 µJ in linear scale. The estimated total B-integral from the HEM amplifier was just π radians. Figure 9 shows the background-free, second harmonic generation (SHG) intensity autocorrelation of the 102 µJ pulses output from the system pulse compressor (blue line). Using the optical spectrum measured at 144 µJ (amplifier output), the transform limited pulse FWHM is 563 fs. The FWHM of the measured autocorrelation trace is 978 fs. We have used a sech 2 pulse autocorrelation with assumed 0.65 deconvolution factor to estimate the duration of the pulse to be 636 fs, ~1.13x the transform limited pulse FWHM. The estimated peak power of these pulses is ~160 MW. The actual pulse duration may be slightly longer than 636 fs considering the difference between the actual pulse shape and the assumed sech 2 shape. Similarly, the actual peak power may be lower than the estimated peak power due to its non sech 2 shaped pulse and portion of the energy that lies in the pedestal. Both the transform limited pulse autocorrelation and the theoretical sech 2 -shaped pulse autocorrelation are included in Fig. 9 for reference (black solid line and red dashed line). Fig. 9 . Background-free SHG intensity autocorrelation of the fully compressed 102 μJ pulses (blue solid line), and the transform limited pulse shape and the theoretical sech 2 -shaped pulses (red dashed line) for reference. The measured pulse duration is 1.13 × the transform limited pulse for the output spectrum.
With a relatively small A eff of only 310 µm 2 , we have demonstrated an Er-doped HEM fiber amplifier producing >100 µJ pulse energy in the femtosecond regime output from a linear propagation CPA fiber-optic architecture. This matches the pulse energy output capability of state-of-the-art fiber-optic CPA systems with amplifiers leveraging 4 × larger A eff and adaptive pulse shaping to compensate for SPM-induced pulse distortion [13] . Based on this demonstration, we expect that much higher pulse energy scaling is possible in monolithic fiber-optic CPA systems using this HEM amplifier concept. For example, with similar pump and signal configuration and HEM fiber core diameter increased to 75 µm or beyond, the maximum pulse energy would reach 1 mJ for the equivalent B-integral (π radians). In addition, when coupled with other advancements to manage nonlinear pulse distortion, such as adaptive phase tailoring and longer pulse stretch factor [18], the maximum pulse energy of these monolithic fiber optic femtosecond laser systems could reach several millijoules in the near future.
Conclusion
B-integral is the key figure of merit that must be minimized when increasing the pulse energy output from fiber CPA systems. Whereas most other energy scaling strategies have reduced B-integral by implementing LMA fiber amplifiers with larger and larger A eff , those approaches suffer substantial beam quality degradation and practical packaging challenges. In contrast, the presently proposed HEM amplifier approach reduces B-integral by shortening the gain fiber length while maintaining high gain and high efficiency. In order to dramatically reduce fiber length, we employed heavily doped (2.38 × 10 26 ions/m 3 ) erbium in phosphate glass, which prevents the parasitic energy loss associated with ion clustering in other types of fibers, e.g. silica. We have experimentally demonstrated the first monolithic fiber-optic CPA system for high energy femtosecond pulse generation using a compact RE-doped HEM fiber amplifier. The HEM erbium phosphate gain fiber was only 20 cm in length with A eff = 310 µm 2 , and this fiber was spliced to a standard single mode fiber input pigtail to form a monolithic fiber CPA circuit. The resultant 1.55 µm wavelength laser architecture produced 102 µJ pulse energy with 636 fs pulse duration at 100 kHz repetition rate (10 W average power and ~160 MW peak power). This system output performance was achieved with HEM amplifier B-integral < π radians, putting it in the linear regime of operation where no adaptive pulse shaping was required. It is anticipated that when the HEM fiber amplifier approach is combined with other pulse energy scaling techniques, such as increasing A eff to >1000 µm 2 , compensating SPM via pulse shaping, or longer CPA stretch factor, the resultant system should achieve >1 mJ pulse energy in the monolithic fiber-optic format.
